Background. Prehospital volume therapy remains widely used after trauma, while evidence regarding its disadvantages is growing. The primary objective of this study was to investigate the volume administered in a prehospital setting as an independent risk factor for mortality. Material and Methods. Patients who met the following criteria were analyzed retrospectively: Injury Severity Score = 16, primary admission (between 2002 and 2010), and age = 16 years. The following data had to be available: volume administered (including packed red cells), blood pressure, Glasgow Coma Scale, therapeutic measures, and laboratory results. Following a univariate analysis, independent risk factors for mortality after trauma were investigated using a multivariate regression analysis. Results. A collective of 7,641 patients met the inclusion criteria, showing that increasing volumes administered in a prehospital setting were an independent risk factor for mortality (odds ratio: 1.34). This tendency was even more pronounced in patients without severe traumatic brain injury (TBI) (odds ratio: 2.71), while the opposite tendency was observed in patients with TBI. Conclusions. Prehospital volume therapy in patients without severe TBI represents an independent risk factor for mortality. In such cases, respiratory and circulatory conditions should be stabilized during permissive hypotension, and patient transfer should not be delayed.
Introduction
For most severely injured patients, prehospital volume therapy is a measure for maintaining tissue and organ perfusion. In such patients, uncontrollable bleeding following trauma is still considered the most common preventable cause of death [1] [2] [3] [4] . The immediate effects of bleeding and shock may result in direct and indirect sequelae in surviving patients. For example, 20% of patients develop multiorgan failure during hospitalisation and 20% experience septic episodes. Multiorgan failure and septic conditions, beside thromboembolic complications, lead to a significant increase of mortality following severe trauma [5] . Hence, hemorrhagic shock and its consequences are the second most common cause of death, with severe traumatic brain injury (TBI) being number one [6] .
The options for the prehospital treatment of hemorrhagic shock are limited. In addition to stopping the bleeding, that is, the hemostasis of externally visible bleeding via compression, in accordance with the Advanced Trauma Life Support (ATLS) guidelines, volume therapy is of paramount importance [7] . In the recent literature, the excessive nonindicated use of volume substitution in patients with severe trauma has been increasingly questioned. In the late 1990s, Bickell showed that rapid transfer and modest volume therapy (accepting permissive hypotension) appeared to be useful for patients with penetrating trauma [8] [9] [10] . Restricted volume therapy also increasingly appears to be useful in patients with 2 BioMed Research International blunt trauma and hemorrhagic shock [11] [12] [13] [14] [15] . Publications from our group have demonstrated that extensive volume therapy is associated with an increase in mortality, even in children [16] [17] [18] [19] . These studies showed that the patients' coagulation status was impaired, and the authors concluded that this was attributable to a "dilutive effect" of excessive volume therapy. In a recent study from USA, Haut et al. showed that extensive volume therapy is associated with worsened outcomes. The authors concluded that prehospital volume therapy is no longer useful [20] . According to the current literature, the number of other therapies performed at the accident site has increased along with the increased use of volume therapy, leading to extended emergency treatment times and, as a consequence, longer delays in the patient's admission to the hospital [17, 18, 21, 22] . In this context, Clarke et al. demonstrated that mortality increased by 1% for every three minutes without emergency surgery in patients with abdominal trauma [23] .
The supporters of extensive volume therapy justify its use by focusing on the importance of elevating the mean arterial blood pressure and maintaining sufficient organ perfusion [24] . Moreover, it remains difficult to justify permissive hypotension in patients with simultaneous severe TBI. According to the recent literature, normotension should be targeted to maintain a sufficient level of cerebral perfusion pressure [25] .
A search of the current literature raises the question of whether the volume and number of substitutions have consequences for hemorrhagic shock during the posttraumatic course. Thus, the hypothesis of this study was that extensive prehospital volume replacement has a negative impact on patient mortality and represents an independent risk factor.
Material and Methods
The TraumaRegister DGU of the German Trauma Society (Deutsche Gesellschaft für Unfallchirurgie, DGU) was founded in 1993. The aim of this multicentre database is an anonymous and standardized documentation of severely injured patients.
Data are collected prospectively in four consecutive time phases from the site of the accident until discharge from hospital: (A) prehospital phase, (B) emergency room and initial surgery, (C) intensive care unit, and (D) Discharge. The documentation includes detailed information on demographics, injury pattern, comorbidities, pre-and in-hospital management, course on intensive care unit, relevant laboratory findings including data on transfusion, and outcome of each individual. The inclusion criterion is admission to hospital via emergency room with subsequent ICU/ICM care or reaching the hospital with vital signs and death before admission to ICU. The infrastructure for documentation, data management, and data analysis is provided by AUC, Academy for Trauma Surgery (AUC, Akademie der Unfallchirurgie GmbH), a company affiliated to the German Trauma Society. The scientific leadership is provided by the Committee on Emergency Medicine, Intensive Care and Trauma Management (Sektion NIS) of the German Trauma Society. The participating hospitals submit their data anonymously into a central database via a web-based application. Scientific data analysis is approved according to a peer review procedure established by Sektion NIS. The participating hospitals are primarily located in Germany (90%), but a rising number of hospitals of other countries contribute data as well (at the moment from Austria, Belgium, China, Finland, Luxembourg, Slovenia, Switzerland, Netherlands, and UAE). Currently, approximately 25.000 cases from more than 600 hospitals are entered into the database per year. Participation in TraumaRegister DGU is voluntary. For hospitals associated with TraumaNetzwerk DGU, however, the entry of at least a basic data set is obligatory for reasons of quality assurance.
The present study is in line with the publication guidelines of the TraumaRegister DGU (TR-DGU) and registered as TR-DGU project ID 2012-002.
Only patients from Germany and Austria were included in this study to minimize variations related to the use of different rescue systems. All of the patients were attended by a physician prior to hospital admission.
Sepsis was defined according to the American College of Chest Physicians/Society of Critical Care Medicine (ACCP-SCCM) consensus conference definition [26] . Single organ failure was defined as a Sequential Organ Failure Assessment (SOFA) score ≥3 [27] . The hospitals participating in the TraumaRegister DGU entered the SOFA score as the total value in the registry; therefore, no conclusions about individual patient management or intervention could be drawn. Multiple organ failure (MOF) was listed if simultaneous organ failure was recorded for at least two organs. Prehospital parameters, length of hospital stay, and coagulation status were examined separately for each group. To determine coagulation, we used the prothrombin ratio, a parameter that is commonly used in Germany and that corresponds to the International Normalized Ratio (INR).
Patients seen between 2002 and 2010 were selected for this study according to the following criteria:
(1) Primary admission to the hospital (no transfers).
(2) Injury Severity Score (ISS) ≥16. (4) Data available for prehospital and hospital volume therapy and packed red blood cell administration, Glasgow Coma Scale (GCS), hemoglobin concentration, base excess, one coagulation parameter (e.g., prothrombin time), blood pressure at the accident site, blunt trauma, therapeutic measures (resuscitation, intubation, insertion of chest tube), and prehospital time.
In this study, 7,641 cases met these criteria and were further investigated.
The subsequent analysis was conducted in two steps:
(1) Assignment to one of 5 groups and univariate analysis based on the volumes administered in the prehospital setting:
(i) Group 1: 0-500 mL.
(ii) Group 2: 501-1000 mL. (2) Multivariate regression analysis with the dependent characteristic "mortality" in different subgroups (see step 1). The variables included in the stepwise regression were as follows: prehospital volume replacement, in-hospital volume replacement, age, Revised Trauma Score, blood pressure at the accident site, ISS, New-ISS, AIS (head, thorax, abdomen, and extremities, including pelvis), blunt trauma, penetrating trauma, resuscitation at the accident site, time from accident to hospital admission, prehospital intubation, prehospital chest tube, base excess at admission, hemoglobin concentration at admission, cause of accident, prothrombin time in hospital, and prehospital catecholamines.
A subgroup analysis differentiating patients with severe TBI (AIS head ≥ 4 [ = 3187]) from those without severe TBI (AIS head < 4 [ = 4454]) was conducted under the same conditions used to differentiate the total population using a multivariate regression analysis.
Statistics.
The Statistical Package for the Social Sciences (SPSS; version 17, Chicago, IL, USA) was used. The data were analyzed univariately using Student's -test for continuous variables and the 2 test for categorical variables. The results are expressed as the mean ± standard deviation for continuous values and as percentages for categorical variables.
A multivariate analysis was performed with a stepwise logistical regression analysis. Mortality was used as a dependent variable to identify the risk factors for mortality after trauma, and the results are expressed as odds ratios (OR) and 95% confidence intervals. We applied a significance level of 5% to all of the statistical tests.
Results

Univariate Analysis.
The proportion of male patients significantly increased with increases in the prehospital volume (group 1: 69.9% and group 5: 76.9%; ≤ 0.001), while age declined with increasing prehospital volume administration. As expected, most of the injuries were blunt trauma injuries (96.0%). Both the AIS of the individual body regions (except AIS head) and the ISS increased with the administered volume (ISS: group 1: 26.8% and group 5: 33.2%; ≤ 0.001; Table 1 ).
Regarding the accident causes, the proportion of car and motorcycle accidents increased significantly with increasing volumes. The opposite trend was observed for low and high falls ( Table 2) .
Prehospital measures such as intubation, resuscitation, catecholamine administration, chest tube insertion, and the prehospital emergency treatment times significantly increased with increases in volume, as Tables 3(a) ≤ 0.001). Similarly, the number of mass transfusions declined with extended prehospital volume therapy (group 1: 2.2% and group 2: 24.7%; ≤ 0.001).
Regarding the outcome parameters and mortality, an increase can be observed with increasing volumes (mortality: group 1: 18.3% and group 5: 24.0%; ≤ 0.001; Table 4 ).
Multivariate Regression Analysis
Multivariate Regression Analysis of the Total Population ( = 7641).
The risk of death from severe trauma significantly increased with older age (Table 5 ). The parameters assessed with the Revised Trauma Score (RTS), such as GCS, systolic blood pressure, and respiratory rate at the accident site, also show that a worse GCS score was associated with an increased risk of death. Severe head injuries (AIS ≥4) were also significantly associated with an increased mortality risk (Table 5 ).
In addition to the prehospital measures listed in Table 5 , the volume administered in the prehospital setting increases the mortality, beginning with volumes >1500 mL.
Multivariate Regression Analysis of Patients without
Severe TBI ( = 4454). In the subgroup without severe TBI, the increased likelihood of death associated with the volume administered in a prehospital setting was particularly striking (odds ratio of death 501-1000 mL: 1.44, odds ratio of death ≥ 2001: 2.71).
The remaining parameters showed the same tendencies as in the total population (Table 6 ).
Multivariate Regression Analysis of Patients with
Severe TBI ( = 3187). The trend that was observed in the subgroup without severe TBI was not identified for the subgroup with severe TBI, as Table 7 shows. In fact, volume therapy administered in a prehospital setting had protective effects in the patients with severe TBI, particularly when the patients received a volume of 1001-2000 mL. Again, this effect is reduced with increasing volumes, and it was not observed in patients who received volumes of more than 2001 mL.
The remaining parameters showed the same tendencies as in the total population (Table 7) .
Discussion
Our study clearly shows that extended volume therapy in severely injured patients without severe traumatic brain injury (AIS ≥4) can be considered an independent risk factor for mortality. Because this study was a retrospective analysis, it cannot provide answers about why prehospital volume therapy increased mortality. Based on the results of this study and on the current literature, factors such as the dilution of coagulation factors in the blood (which becomes evident when observing the prothrombin times in this study), the dissolution of clotting factors, and the active maintenance of hemorrhage by increasing blood pressure can be discussed [16] [17] [18] [28] [29] [30] [31] . In this context, prehospital volume administration, beside an existing trauma-related consumption of clotting factors, possibly represents an additional factor that promotes bleeding. Furthermore, volume therapy at the accident site despite normal blood pressure would be another factor that may increase bleeding tendency. Due to the retrospective study design with anonymised patients, it is not possible to conclusively clarify the level of impact in each individual patient. Nevertheless, these factors play a crucial role, particularly in patients with blunt trauma and uncontrollable internal bleeding (e.g., splenic rupture). The use of permissive hypotension until the patients receive definite care in the hospital (e.g., surgery or embolization), as Bickell et al. and other authors have proposed for patients with penetrating and blunt trauma, respectively, appears useful in this context [8] [9] [10] 32] .
Furthermore, extended prehospital volume therapy is associated with prolonged emergency treatment times. This relationship has also been reflected in the recent literature and is commonly fatal in severely injured, bleeding patients because life-saving surgical procedures that can only be performed in the hospital are delayed when prehospital volume therapy is administered. In this context, US studies demonstrated that patients who had been transferred to the hospital in a private car were admitted earlier and had higher survival rates after penetrating trauma compared with patients who had been treated and transferred by EMS professionals [33, 34] . Based on the current literature, these are exceptional cases, and transfer in a private car cannot be recommended as a general rule. Based on this retrospective study, step 1 of the univariate analysis cannot manage to clarify for each individual patient why more severely injured patients had longer emergency treatment times and enhanced levels of prehospital volume therapy. The principal guideline should be as follows: the more severe the injury is the sooner the patient should be transferred to the hospital. This particularly applies to patients with active bleeding. In this context, a recently published prospective randomised study has shown again that time to surgical intervention is longer than one hour, particularly after blunt trauma. Thus, the golden hour of shock is not achieved in reality [35] . The objective of the univariate analysis was to demonstrate principal relations between prehospital volume therapy and parameters such as outcome. Interestingly, the haemoglobin value upon admission as a sign for bleeding did not represent an independent risk factor in the multivariate analysis. In terms of this aspect, one should consider that haemoglobin value and prehospital volume are correlating closely. It is inevitable that prospective randomised studies will be conducted in this context. The heterogeneous prehospital patient population is certainly one reason why only one prospective study can be found in the literature [36] . Moreover, the remaining parameters, such as age (one of the most influential factors following severe trauma), must also be considered when examining independent risk factors for mortality after severe trauma. While the age factor cannot be improved with prehospital therapies, it will represent Values shown as mean, standard deviation (SD), or % of the group. ICU: intensive care unit. a great challenge in the future given the increasing elderly population. Comorbidities such as coronary heart disease and the associated use of anticoagulants imply additional patient care efforts and aspects to consider after severe trauma. Based on data from the US National Trauma Data Bank (NTDB), Haut et al. demonstrated in a multivariate analysis that extended volume substitution after severe trauma increases mortality. Those authors concluded that this approach should no longer be used [20] . However, the study by Haut et al. does not differentiate between different volume levels. The study investigated volume substitution versus no volume administration at all. Most of the patients in this study had an ISS <9 (47.1%), and it is likely that volume substitution was not relevant for this patient population. Only 2.5% of the patients had severe TBI, which was something of an underrepresentation. Finally, although the difference in mortality rates was highly significant because of the size of the group, it was only 0.3%. Nevertheless, those results reflect the current literature and are similar to the results of our study. The use of prehospital volume substitution in severely injured patients with severe traumatic brain injury remains particularly controversial in the literature. Primary brain damage has already occurred during the traumatic event and is difficult to treat in a prehospital setting (e.g., using 30 ∘ semirecumbent body positioning). Surgical interventions that are commonly necessary cannot be performed at the accident site. Therefore, prehospital volume therapy is mandatory to prevent secondary damage. In this context, studies have demonstrated that even a short hypotensive phase and the occurrence of a second hit may have detrimental effects on the brain [25, 37] . Therefore, prehospital therapy commonly focuses on volume administration to increase the mean arterial blood pressure and thus improve cerebral perfusion pressure. However, even this approach has been questioned in the literature. Studies have demonstrated that this approach may also lead to the deterioration of cerebral perfusion, for example, by maintaining hemorrhage [38] .
Hence, an important result of our study demonstrates that modest prehospital volume therapy (up to 2000 mL) in patients with severe TBI (AIS ≥4) may result in improved mortality, whereas volume therapy in patients without TBI did not show any benefit and even increased the mortality risk. In a retrospective analysis, it is only possible to demonstrate potential relationships; final evaluations are not possible. Nevertheless, maintaining the cerebral perfusion pressure, as Tan et al. propose in their study, appears to be of crucial importance [25] . One limitation to this approach is that it is hardly possible for emergency medical service (EMS) team members at the accident site to evaluate whether every patient has suffered severe TBI with an AIS score ≥4. The GCS may offer some help. Therefore, the decision to provide extended volume therapy at the accident site must be made on a case-by-case basis. A comprehensive standard protocol cannot be established for this situation.
However, this study supports the idea that recommendations for the prehospital treatment of patients with penetrating trauma also apply to patients with blunt trauma. These recommendations include limiting prehospital therapy to the stabilization of the cardiovascular and pulmonary systems and prioritizing rapid transport to a level one trauma center [32] .
Limitations
(1) Regarding the analysis of the coagulation status, it must be noted that the prothrombin ratio, prothrombin time, and platelet counts are the only parameters that are documented in the TraumaRegister DGU and are available for analysis. Other laboratory values that might be of interest for coagulation (e.g., fibrinogen and protein C) are not documented in TraumaRegister DGU. (2) A retrospective analysis based on anonymized data cannot clarify the individual decisions that were made by the respective EMS team members at the accident site. Furthermore, because of anonymity, the patient files cannot be accessed for additional analyses.
Finally, because we only conducted a retrospective analysis, only associations (no causalities) can be ascribed to the given data. In the future, a prospective randomized study will be indispensable for clarifying the advantages or disadvantages of a particular volume therapy for the most severely injured patients at accident sites.
Conclusions
Prehospital volume therapy in patients without severe traumatic brain injury represents an independent risk factor for mortality. In such cases, respiratory and circulatory conditions should be stabilized and permissive hypotension should be accepted, and patient transfer should not be delayed. In patients with severe traumatic brain injury, modest prehospital volume therapy can have protective effects.
